THERMAL PROPERTIES OF ENGINEERED BARRIERS FOR A CANADIAN DEEP GEOLOGICAL REPOSITORY
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INTRODUCTION
Global energy needs continue to rise along with society's desire for carbon-reduced energy sources to limit climate change effects. One viable carbon-reduced energy source is nuclear power.
More than half of the electricity requirements of the province of Ontario, Canada (population = 13 million) are met by nuclear power. Along with the efficiency, safety, carbon-reduction, and reliability benefits of nuclear power in Canada comes the ethical and environmental responsibility to safely care for the waste products. Within Canada there are more than 2.5 million bundles of spent nuclear fuel with another approximately 2 million bundles to be generated in the future (Garamszeghy 2015) . Canada, and every country around the world who has come to the decision on a long-term solution for nuclear waste, has chosen long-term burial in a deep geological repository. A deep geological repository ( Figure 1) consists of a network of placement rooms at depth where used fuel containers will be surrounded by an engineered barrier system. The engineered materials include bentonite for its properties of low permeability, high swelling potential, and durability in the presence of high temperatures and aggressive chemical environments. A deep geological repository will be subjected to complex thermal-hydraulicmechanical-chemical-biological conditions as the waste products will be placed at an elevated temperature during construction and the surrounding groundwater chemistry will likely have elevated salinity. The performance of the repository must be evaluated for this complex set of conditions to ensure isolation of the waste products. To construct a representative model, accurate and reliable material properties for all components of the repository are required. Thus, since 1980s jurisdictions in charge of nuclear waste management have been characterizing potential sealing materials as well as the host rock by performing full-scale and laboratory tests.
Countries around the world have considered various barrier material compositions based on their specific waste, geologic conditions, and available supply. In view of the required properties of the sealing materials, Pusch (1979) suggested the use of high density bentonite blocks, which can meet the D r a f t Page 3 of 32 design requirements of the barrier system. Both cement-based and bentonite-based barriers are considered, however, most are proposing the use of bentonite rather than cement (ANDRA, France; ENRESA, Spain). In addition, some countries include a mixture of aggregate with either expansive or non-expansive clay as the sealing component. Several materials have been proposed including: crushed granite and sand (NWMO, Canada), crushed basalt (DOE, United States of America), zeolytes and quartz (JNC, Japan), quartz and graphite (ANDRA France; ONDRAF/NIRAS, Belgium) as aggregates.
Adding coarse crystalline particles to materials improves thermal properties of bentonite, increases the mechanical resistance of the compacted blocks, and reduces costs (Villar 2002) . Furthermore, to increase constructability, some studies have examined using high density bentonite pellets combined with powdered bentonite as an engineered barrier (Salo and Kukkola 1989; Volckaert et al. 1996) . This combination creates a dual porosity material that could have advantageous properties. Thus, engineered barrier systems for proposed deep geological repositories include a number of unique materials that must be characterized.
Amongst other design aspects, the engineered barriers will transfer the thermal energy from the spent nuclear fuel to the surrounding geosphere. Therefore, the thermal properties of the engineered barriers are a key attribute of the system in terms of efficiency and size of the repository. The environment will likely include competing gradients of groundwater pressure driving moisture into the repository and thermal gradients driving moisture away from the used fuel container as the waste continues to decay. Over their lifetime, the engineered barriers will be at variable saturation levels and temperatures. It is necessary to determine thermal properties of engineered barriers over a wide range of moisture contents (degree of saturations) and variable temperatures (25°C and 80°C). With respect to the Canadian concept, a key design criterion of the repository is the maximum surface temperature of the used fuel container must be below 100°C (Maak 2006) . Therefore, the efficiency with which the barrier materials transfer heat energy to the surrounding geosphere is a critical aspect of the performance of the repository.
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Page 4 of 32 Thermal properties of barriers may be evaluated by laboratory experiments or preliminary estimations using suggested values from the literature. Several experimental studies have examined the thermal behavior of geo-materials over different conditions including material composition, dry density, saturation, and temperature (Coulon et al. 1987; Beziat et al. 1988; Radhakrisha et al. 1989; Suzuki et al. 1992; Borgensson et al. 1994; Graham et al. 1997; Madsen 1998; Villar 2002; Ould-Lahoucine et al. 2002; Engelhardt and Finsterle 2003; Tang et al. 2008; Ye et al. 2010; Man et al. 2011; Kim et al. 2012; Likos 2014; Lee et al. 2016) . Baumgartner et al. (2006) estimated the thermal conductivity and specific heat capacity of bentonite materials based on their composition and density. Estimations consisted of a series of sinusoidal curves for thermal conductivity and specific heat capacity as a function of degree of saturation. Barry-Macaulay et al. (2015) and Tang et al. (2008) reviewed an extensive number of thermal conductivity predictions and evaluated selected thermal conductivity models (Johansen 1975; Cote and Konrad 2005; Lu et al. 2007; Sakashita and Kumada 1998; among others) . Both papers noted the correlation between quartz content and thermal conductivity. Barry-Macaulay et al. (2015) also suggested that existing models may be improved upon using soil-specific calibration of the model inputs. Tang et al. (2008) examined bentonite thermal data and found that thermal conductivity varied linearly with the volume fraction of air. Ideally thermal models for numerical models for deep geologic repositories would have an experimental basis, which is used to calibrate thermal conductivity constitutive models.
Additional Canadian considerations are a decision on the bentonite source to be used in the repository and the exact location, which will influence porewater chemistry of the groundwater. There are two potential bentonite sources, which are MX80 and National Standard. These bentonites are naturally occurring materials and their properties may vary spatially in nature. Once the deep geological repository is under construction, commercial bentonite will be received at the facility over a 30-year period and the material properties will need to meet performance requirements throughout construction.
In Canada, much of the previous laboratory work on Wyoming bentonite properties was carried out on a D r a f t
Page 5 of 32 limited number of shipments, and there is a need to develop a larger database. Moreover, the focus of previous work has been largely on saturated bentonite. In Canada, the exact site of the repository is still unknown and therefore the precise geological conditions of the repository are potentially variable. From a hydraulic perspective, the quantity and type of groundwater infiltration into the repository will be governed by the local and regional rock type, fracture network, and pore pressure conditions.
Theoretically there is a potential for limited infiltration during the thermally transient phase of the repository, which would allow significant drying of the sealing materials. The need to measure bentonite properties for a wide range of temperature, moisture, and porewater chemistry conditions is clear.
The purpose of this paper is to provide a database of material properties, mainly focused on thermal properties, of sealing materials to support Canada's concept for a deep geological repository, to compare the results with predicted values and to examine the variability within the results. A comprehensive study examining the effect of bentonite type and porewater chemistry on index properties as well as degree of saturation and temperature on thermal properties of high and low-density bentonite materials is currently unavailable in the literature in particular for the unique highly saline groundwater conditions that could be encountered in a Canadian sedimentary rock geosphere.
Additionally, results will be compared with selected thermal conductivity results and selected models to assess model applicability for barrier materials. The results from this study are directly applicable to provide information on the performance of sealing materials over a wide range of thermal, hydraulic and chemical environments.
MATERIALS AND METHODS
Materials
The materials examined in this study are proposed to be used in the deep geologic repository (NWMO 2015) and include highly compacted bentonite, gapfill, and dense backfill (Figure 1 ). Highly compacted bentonite and gapfill materials were prepared using two different bentonite sources.
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Compacted samples were prepared with two mixing fluids, which are distilled water and a synthetic porewater for sedimentary formations. Material properties are described in this section and summarized in Table 1, Table 2 1. Highly compacted bentonite, which is located next to the used fuel container, is composed of bentonite clay compacted to a minimum dry density of 1.7 g/cm 3 . Highly compacted bentonite samples were prepared using either VOLCLAY MX80 -manufactured by American Colloid Company or National Standard -manufactured by Bentonite Performance Minerals LLC. Index properties of the two bentonites, listed in Table 2 , indicate both bentonites have high montmorillonite content and are classified as high plasticity clay. The swell index (ASTM D5890) and solution retention capacity (Lee et al. 2005 , Figure 3 ) are also typical of bentonitic materials. The effect of the saline porewater on index properties was to lower the liquid limit, swell index, and solution retention capacity significantly in both bentonites.
2. Gapfill, which is placed as fill between the compacted blocks and the insitu rock (Figure 1 ), is composed of bentonite pellets compacted to a minimum dry density of 2.12 g/cm 3 with a grain-size distribution defined in Figure 2a . The maximum allowable pellet size is 8mm
(photograph in Figure 2a ) while the average overall dry density of gapfill will be 1.41 g/cm 3 .
Gapfill for this study was prepared using one of two methods, which depended on the bentonite type. Gapfill composed of National Standard bentonite was manufactured by NAGRA of Switzerland and provided by NWMO. Gapfill composed of MX80 bentonite was manufactured by compacting 150 mm diameter by 50 mm tall pucks to the target dry density, crushing them, and then sieving the crushed pellets to the required grain-size (Figure 2a ).
3. Dense backfill, which is a spacer between adjacent highly compacted bentonite blocks (Figure 1 ), is composed of 70% crushed granite (grain-size envelope in Figure 2b ), 25% clay and 5% bentonite compacted to a minimum dry density of 2.12 g/cm 3 . Crushed Lac du D r a f t
Bonnet Granite from Cold Spring Granite (Canada) Ltd, B-Clay from Plainsman Clays Ltd.
And MX80 bentonite were used in this study.
Materials Preparation
Specimens were prepared using a process based on Martino et al. (2011) to achieve reliable and consistent moisture equilibrium. The constituents (Table 1) are placed in an oven at 105°C for at least 24
hours. The material is removed from the oven, sealed, and allowed to come to thermal equilibrium with the laboratory. The required quantity of each constituent is removed and placed in a mixing bowl.
Wetting agent is added to the sample via misting with a spray bottle to achieve the target moisture content. Following mixing (20 min for each batch), the soil is placed within two sealed bags and in a fridge for at least 48 hours for moisture equilibrium. Each weekday the soil is mixed inside the bag to encourage moisture equilibrium.
Static compaction was selected for thermal property sample preparation as it results in a specimen with uniform density over a wide range of moisture content (Radhakrishna et al. 1989) . A strain-based criterion is used. Compaction is performed using a General Electric 30,000 lb (130 kN) electromatic universal testing machine. For highly compacted bentonite and dense backfill, each layer is over compressed for a 10-second interval such that the specimen rebounds to the target height. Gapfill is not over compressed due to its lower density. Figure 4 displays the high compression loads required for highly compacted bentonite and dense backfill as a function of degree of saturation. Compaction pressure is a minimum at 100% saturation for all materials and increases for lower moisture contents.
The maximum compression pressure was 45 MPa for highly compacted bentonite comprised of National Standard. Somewhat lower compaction effort is required for highly compacted bentonite samples made from MX80 due to a wider range of grain-sizes as opposed to National Standard bentonite, which is in powder form. With respect to the dense backfill compaction force, it requires lower compaction pressure at high saturation degrees compared to highly compacted bentonite, but as specimen dries compaction pressure increases considerably to 22 MPa at degree of saturation of 0%.
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Salt Solution Preparation
The groundwater chemistry of the insitu rock in which the deep geologic repository is located will impact the design and performance of the repository. In Canada, the potential host rocks for the proposed deep geologic repository are either likely crystalline or sedimentary. In this study, the reference sedimentary rock saline water representing limestone (SR-L-2013) is used. The composition of SR-L-2013 is listed in Table 3 with the total dissolved solids (TDS) equalling 223.4 g/L. Precise procedures were followed to prepare the reference water solution. Three samples from each solution were taken to confirm solution density and TDS.
Two test methods were used to complete compaction testing of materials in this study. For dense backfill, traditional Modified Proctor tests were performed in accordance with ASTM D1557. For the two sources of bentonite, Dixon et al. (1985) developed a test method, which obtained a high coefficient of correlation to Modified Proctor (R 2 >98%), and uses significantly less bentonite for each specimen. In this method, 31.5 mm tall by 31.5 mm diameter specimens are compacted in one layer via using 8 dynamic drops of the Modified Proctor compaction hammer. Benefits of the method are a reduction of both materials and preparation time. The reduction of materials use and preparation allow for more tests to be performed and the compaction curves to be better defined.
Thermal Property Device and Test Procedures
A comprehensive experimental program was undertaken to assess the effect of bentonite type, temperature, and degree of saturation on the thermal properties of highly compacted bentonite, gapfill and dense backfill. Samples were prepared using distilled water at degree of saturation values ranging from 0-100% at room temperature and four (4) degree of saturation values at 80°C with at least three specimens at each moisture condition to evaluate variability of the properties. Bullard 1939) . Thermal property apparatuses continue to be developed including photoacoustic spectroscopy (Schmitt et al 2017) and concurrent unsaturated and thermal property measurements (Dong et al. 2014; Yao et al. 2014 ).
Improvements to thermal devices include transient measurements using the divided-bar apparatus (Pasquale et al. 2015) , low-cost divided-bar apparatus (McGuinness et al. 2014) , assessing the impact of water migration on thermal measurements (Woodward et al. 2013 ), use of thermal imaging (Kodikara et al. 2011) , and a thermal cell for measuring thermal conductivity of geosynthetic clay liners (Ali et al. 2016 ). Another more recent option, which is used in this study, is the Hot Disk Thermal Constants
Analyser (Hot Disk 2014). This test is based on a Transient Plane Source Technology, which allows for measurement of thermal conductivity, thermal diffusivity as well as volumetric heat capacity during a single test. This technology has been successfully used for measuring thermal properties of compacted bentonite (Ye et al. 2010; Lee et al. 2016) . The method provides efficient and accurate thermal property measurements at laboratory and elevated temperatures as well as flexibility to test brittle samples in the compaction mould (see one-sided method below).
The thermal property measurement method uses a transiently heated planar sensor (Figure 5a ), which consists of an electrical conducting pattern in a shape of double spiral etched out of the thin sheet of nickel. Covering both sides of the sensor are thin sheets of an insulating material (Kapton). When carrying out a measurement, the sensor is both a heat source and a dynamic temperature sensor. He (2005) provides the theoretical background for analysis of the test results and a summary is given here.
Analysis solves the heat conduction differential equation for an isotropic material with temperature independent thermal conductivity, which is:
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where T=temperature, x, y, z= cartesian coordinates, κ=thermal diffusivity and t=time. Thermal properties are related by the following equation:
where λ is thermal conductivity, C is specific heat capacity, and ρ is density. Assumptions of the analysis include the heat source is a series of concentric circles and the sensor is located within an infinite medium. To ensure the infinite medium assumption is valid, the heat pulse probing depth is checked against the size of the specimen. The probing depth, ∆p, is calculated as:
Valid tests have the probing depth (∆p) to be less than the nearest specimen boundary, which is the minimum of the distance from the outer edge of the sensor to the boundary of the specimen in both the horizontal or vertical directions.
The sensor applies a constant power to the specimen and measures the incurred temperature change as the resistance across the circuit. Resistance across the circuit as a function of time, R(t), is:
where R 0 is the resistance of the disk prior to heating (t=0), α is the temperature coefficient of resistivity of nickel, ∆T i is the constant temperature difference that develops across the sensor insulation, and ∆T avg (τ) is the average temperature increase of the specimen surface in contact with the sensor surface.
Solving for the total temperature change gives:
The temperature difference across the sensor's insulating layer (∆T i ), which becomes constant over a short period of time, is calculated as:
Page 11 of 32 where δ is the thickness of the insulating material and κ j is the thermal diffusivity of the insulating material. Temperature increase of the soil is:
where P 0 is power output of hot disk sensor, a is the overall radius of the disk, and D(τ) is the dimensionless time dependent function. The dimensionless time dependent function is given as:
where θ is the characteristic time. ∆T(τ) is plotted as function of D(τ), which is a straight line. From slope of that line, thermal conductivity of the sample can be calculated. However, the correct value of τ is generally unknown since it is related to thermal diffusivity of the sample. Thus, the final straight line from which the thermal conductivity is calculated is obtained through an iterative process.
The details behind thermal property interpretation can be found in He (2005) . A typical thermal property test (Figure 5d ) is plotted as temperature increase versus time. The initial temperature increase arises from the insulation material of the sensor and contact resistance between sensor and sample. Thus, data from linear part of graph is selected for analysis of the soil's thermal properties. One experimental detail is that the diameter of sensor should be at least twice of maximum grain size of the sample (Hot Disk 2014). The Hot Disk Sensor 8563, with diameter of 19.816 mm was selected, which satisfies the grain-size requirement for the bentonitic materials with minor non-compliance of dense backfill ( Figure   2 shows that <10% of the granite component are <7% overall have diameter greater than 10 mm).
The range of moisture contents of the tests necessitates two types of tests. Wetter specimens could be removed from the compaction mould in an undisturbed manner. For wetter specimens, two circular discs are prepared and the sensor is secured between the discs as depicted in Figure 5b . Drier specimens were brittle and had to be tested within the compaction mould as shown in Figure 5c . The procedures for each test are: (Figure 5b ) is performed on compacted specimens that can be removed from the compaction mould in an undisturbed manner, which includes all highly compacted bentonite samples and dense backfill specimens with Sr>60%. Specimens are prepared by compacting two adjacent cylindrical pucks in three-split mould. The size of the puck is related to the maximum grain size and homogeneity of the sample. During compaction, a piece of plastic wrap is placed between the pucks to allow them to be separated for thermal testing. This type of test is termed a 'two-sided test' as the thermal conductivity sensor is placed between two specimens (Figure 5b ). The size of the thermal property specimens depends on the maximum grain-size of the constituent materials. For highly compacted bentonite material, two 50 mm-diameter by 20-mm pucks are compacted for each two-sided test. For dense backfill, due to the presence of crushed granite (up to ~10 mm diameter) a 75 mm-diameter split mould is used to make the 30 mm tall pucks. After placing the thermal property sensor between the compacted pucks in sample holder a metal disk is located on the top of the pucks. Contact between the sensor and the pucks is ensured by applying a nominal force through the test frame ( Figure 5a ). Finally, a lid is placed over the apparatus to minimize heat loss during thermal property tests. Figure 5c ) is performed on compacted specimens that would be disturbed during removal from the compaction mould, which includes all gapfill and drier dense backfill (Sr<60%) specimens. The 75 mm diameter compaction mould has a slit cut into the side of the mould at 30 mm height to allow for placement of the thermal conductivity sensor on the top face of the compacted specimen. During compaction, the slit is covered to avoid soil spillage and loss of confinement. During thermal testing, a block of insulation is placed on top of the specimen to limit thermal energy loss. Since some thermal energy loss could occur through the insulation, the thermal properties are measured and used as an input for thermal property calculation. A normal stress is applied to ensure contact between the sensor D r a f t and the specimen. To confirm that both methods were providing reliable measurements, several tests using both methods were performed on stainless steel pucks, which have welldefined thermal properties. The results for one-sided and two-sided tests on stainless steel pucks deviated less than 2% giving confidence in the test protocols.
A one-sided test (
Thermal property tests at 80 o C were performed using a similar methodology as the laboratory temperature tests. The only differences were replacement of the sensor cable with one that was rated for elevated temperature and extra precautions to limit moisture loss during thermal equilibrium. Both the one-sided and two-sided test apparatuses were placed within a sealed plastic bag. A hole for the sensor wire was sealed with Tuck tape. The two-sided test pucks were wrapped with at least 5 layers of plastic wrap prior to testing. The insulation placed on top of the one-sided test as well as the slit in the mould were sealed with additional plastic wrap. The wrapped apparatuses were placed in an oven alongside a bowl of water in order to maintain high relative humidity within the oven. Thermal property measurements are taken after the specimen achieves thermal equilibrium with the environment as plotted from leftover prepared soil, 2. drying the sample after thermal property measurement, and 3. from the difference in weight of the test apparatus and sample before and after the thermal property measurement.
Less than 5% decrease in degree of saturation was observed for highly compacted bentonite and gapfill tests performed at 80°C. Dense backfill materials desaturated at most 10% at high moisture contents. All results are plotted versus degree of saturation measured after the test. In some near-saturated samples small shrinkage cracks appeared on the perimeter of the samples. In these samples, the acceptable probing depth was the distance from the sensor to the crack. Figure 7 summarizes the results for highly compacted bentonite for both bentonite types of bentonites at 25°C
and 80°C. Good repeatability is noted in both thermal conductivity and volumetric heat capacity from 0-100% saturation. Comparing the Sr=0% and Sr=100% data indicates a 2.8-fold increase in thermal conductivity and 2.8-fold increase in volumetric heat capacity from dry to saturated. At 80°C, thermal conductivity of MX80 specimens increases 10% between Sr=10-80%. At Sr=0 and Sr=100% the temperature effect is nil. For National Standard bentonite specimens, increasing temperature by 60°C
does not affect thermal conductivity of highly compacted bentonite. Whereas the slope of the volumetric heat capacity increases 25% more at 80°C compared to room temperature for National Standard bentonite.
With respect to the gapfill (Figure 8 ), thermal conductivity results are internally consistent over a wide range of moisture content with 3-4-fold increase from dry to saturated condition. Notable is that little increase in thermal conductivity occurs from degree of saturation from 0% to 20%. This is consistent with the Boltzmann sigmoidal curve predicted by Baumgartner (2006) . Because of dual porosity and dispersity of particles of the gapfill, results of volumetric specific heat capacity display relatively more variability. Thermal conductivity of gapfill rises about 15-30 % at 80°C with more increase at higher moisture contents. This trend mainly stems from higher air void fraction and water void fraction of gapfill material compared to highly compacted bentonite. Thus, higher movement of
Page 16 of 32 fluid phase results in transporting heat better, thereby increasing the apparent thermal conductivity (Beziat et al. 1988) . Volumetric specific heat capacity of gapfill material increased between 2-35% due an increase in temperature from 25-80 o C. 
DISCUSSION
The material properties reported in this study are affected by their constituent materials, moisture content, porewater salinity, and inherent variability in the source materials. In this section, the influence of these controlling factors on the results will be examined and the thermal properties will be compared with values from the literature as well as predictive models for thermal conductivity.
Influence of Bentonite Type and Porewater Chemistry on Compaction
Notable trends are observed in the compaction ( Figure 6 ) and index properties (Table 2 ) results, which concur with the distinctive properties of the constituent materials and porewater chemistry. The results from this section can be used as background information on anticipated properties that would be encountered during construction of a deep geologic repository. The information is useful to direct Quality Assurance / Quality Control guidelines in terms of anticipated variability in these properties.
Comparing the two bentonite types on compaction of highly compacted bentonite shows that higher modified optimum dry density is measured in the MX80 compared with National Standard. This is likely due to the granular nature of the MX80 as opposed to the finer powder of the National Standard.
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Considering the influence of porewater salinity indicates that optimum density increases by 0.4 g/cm 3 for National Standard compared to 0.7 g/cm 3 for MX80. The increase in salinity of the pore fluid causes a decrease in the diffuse double layer thickness (Mitchell 1976 ) and allows for an increase in the optimum density. Other measured values for optimum density of highly compacted bentonite composed of National Standard and MX80 were reported by Priyanto et al. (2013 (unpublished report) , 1.61 g/cm 3 )
and Golder (2013 (unpublished report) 1.66 g/cm 3 ) respectively. The optimum density of 1.69 g/cm 3 and 1.81 g/cm 3 for National Standard and MX80 respectively achieved in this study indicates some minor variability in the measurements as well as comparability of results from three different laboratories.
Influence of Bentonite Type, Degree of Saturation and Temperature on Thermal Properties
Thermal properties of geo-materials are a function of their constituents, moisture content, dry density, and temperature. Fitted curves for highly compacted bentonite, gapfill, and dense backfill for thermal conductivity and volumetric heat capacity, plotted in Figure Thermal conductivity of highly compacted bentonite shows no influence of temperature for dry and saturated tests. Highly compacted bentonite composed of MX80 shows nominal more sensitivity to temperature compared with National Standard over the Sr=20-50% range, which is likely due to variability. For volumetric heat capacity, the influence of bentonite type is less than variability of the measurements.
The gapfill results display the influence of dry density and the pelletized nature of the constituent material compared with highly compacted bentonite. Only minor differences due to bentonite type are D r a f t noted for gapfill. Thermal conductivity of gapfill is lower than highly compacted bentonite for the entire range of saturation due to the lower overall density. Thermal conductivity of gapfill is non-linear versus degree of saturation (sigmoidal curve) as opposed to the linear behavior observed in highly compacted bentonite. In gapfill, only minor increase in thermal conductivity occurs from 0-20% saturation followed by a relatively linear increase from 20-100%. Gapfill, which is composed of a mixture of high density pellets (2.12g/cm 3 ) and finer grain-sizes as shown on Figure 2 , has a more significant non-uniform distribution of water content in the low range compared with most unsaturated soils. Water preferentially hydrates the bentonite powder as well as the surface of the pellets, leaving the inside of the pellets dry.
The larger dry pellets govern the thermal properties rather than the matrix of slightly hydrated powder at saturations less than 20%. With a disconnected water phase resulting from the minimal amount of water as well as the internally dry pellets, little increase in overall thermal conductivity occurs until the water phase becomes connected at 20% saturation. Thermal conductivity of gapfill increases in 15-30% due to the 55°C increase in temperature. Gapfill's lower density, 1.4 g/cm 3 compared with 1.7 g/cm 3 for highly 
Statistical Comparison of Thermal Properties with Baumgartner 2006
Baumgartner (2006) 
where A 1 is the thermal conductivity of dry sample (Sr = 0%), A 2 is the thermal conductivity of saturated sample (Sr = 100%), V 50 and h are regression parameters, which are a function of dry density and listed in Table 5 . Baumgartner (2006) also suggested an equation for specific heat capacity based on the composition of the material:
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where C w is specific heat capacity of water and C i is specific heat capacity of solid constituent material in which the value of 4186 J/kg.K and 800 J/kg.K was suggested for water and highly compacted bentonite or gapfill respectively (Baumgartner 2006 ) and f i is mass fraction of solid constituent material.
For all tests reported here, measured values are plotted versus predicted values using [6] and [7] in Figure 12 . To evaluate the fit, statistics including mean (µ), standard deviation (σ), and coefficient of variation (COV) were determined for the bias of each measurement. Bias is calculated as:
and COV is:
where σ = standard deviation of the bias and µ = mean of the bias. Using these definitions an ideal model has bias mean = 1.0 and bias COV = 0%. The data on Figure 12 is plotted on a 1:1 scale to allow for visualization of the fit and the +-1σ shows the variation in the data. In general, Baumgartner empirical model under-predicts thermal conductivity of highly compacted bentonite (Figure 12a ) with mean above 1.0 and COV of 7.6% and 8.1% for highly compacted bentonite made from MX80 and National Standard respectively. The fit is best at low values of thermal conductivity with some deviation noted at higher values. Specific heat capacity on Figure 12c shows COV equal to 8.4% and 5.0% for highly compacted bentonite made from MX80 and National Standard respectively. For gapfill thermal conductivity, the Baumgartner equations overestimate thermal conductivity (bias mean = 0.86-0.87). Gapfill, being a pelletized material which is then mixed with water, has a non-uniform moisture distribution at low saturations. This heterogeneity combined with the increased air content (due to the lower overall dry density) results in a lower thermal conductivity and less agreement with the proposed equations. With respect to specific heat capacity, again the predictions perform inadequately with D r a f t
Page 21 of 32 COV=24% for National Standard and 17% for MX80. This trend again is attributed to the heterogeneity in the air and moisture distribution and the greater air content in comparison with highly compacted bentonite, thereby, due to the higher specific heat capacity of dry air and water (1000 J/kg.K and 4186 J/kg.K respectively) compared to specific heat capacity of solid constituent (800 J/kg.K), higher values were measured.
Statistical Comparison of Thermal Conductivity Measurements with Selected Models
Selected thermal conductivity models for soil were compared with the thermal conductivity data for highly compacted bentonite, gapfill, and dense backfill. Similar to Figure 12 , thermal conductivity measurements were compared to predicted values and bias statistics were generated (equations [5] and (2008), and Sakashita and Kumada (1998) are used in the statistical comparison. Table 4 includes a summary of the equations used in the thermal conductivity models and the inputs. Barry- Table 4 ). Johansen (1975) . They compared their model with Sakashita and Kumada (1998) who proposed empirical equations for thermal conductivity as a function of saturation and porosity.
A summary of the bias statistics appears in Table 5 (2008), and Sakashita and Kumada (1998) thermal conductivity models. Although dense backfill only includes 5% of bentonite in its composition, thermal conductivity models developed for bentonite are included in the comparisons. Parameters listed in Table 5 for each thermal conductivity model include 'base' parameters as suggested in the original publications as well as 'fit' (or optimized) parameters, which were evaluated using Excel Solver function. In every case on Table 5 , the optimized parameters provide a lower COV compared with the base parameters. Also highlighted on the table is the model that gave the lowest COV for each material using both base and optimized parameters. The only exceptions, which didn't incorporate optimized General comments can be made with respect to the agreement between the experimental data for the materials tested and each thermal conductivity model based on the statistics in Table 5 . The Cote and Konrad model is consistent for these materials with COV ranging from 20-33% for base parameters.
Highly compacted bentonite was under-predicted (µ=1.13-1.5) and gapfill was over-predicted (µ=0.91).
For optimized parameters mean approached 1.0 and COV decreased for all materials to the 2.9-10.2%.
The Cote and Konrad model had the lowest COV for both highly compacted bentonite materials, which D r a f t had a linear relationship between degree of saturation and thermal conductivity (Figure 7 ). Comparisons are plotted in Figure 13a and 13b. The Balland and Arp (2005) model had relatively higher COV for the bentonite-based materials (COV >39%) and lower for dense backfill with COV, which also significantly improved for the optimized parameters (COV between 4.3-9.5%). Balland and Arp (2005) Outcomes of the statistical analysis of the thermal conductivity models allows for some recommendations to be drawn. The number of thermal conductivity measurements performed for this study (206 total), allow for statistics to be evaluated on predictive models as well as soil-specific calibrations. The suggested parameters for these thermal conductivity models provide an estimation that may be useful for preliminary calculations. However, the number thermal conductivity measurements completed for this study allowed for soil-specific calibration, which improved the statistics for each case. Using these developed thermal property models future modelling efforts can examine the effect of variability in the material properties on dissipation of thermal energy in concepts for Canada's deep geologic repository.
CONCLUSIONS
Analysis of proposed concepts for a deep geologic repository requires reliable material properties. The deep geologic repository will encounter transient hydraulic, chemical, thermal, and D r a f t mechanical conditions during its lifetime. A key aspect in the dissipation of thermal energy is the thermal properties of the sealing materials to meet the design criterion of maximum surface temperature of the used fuel container of 100°C. Another decision that remains is whether MX80 or National
Standard will be the bentonite used in the Canadian deep geological repository. The purpose of this study was to measure, report, compare, and comment on material properties of the highly compacted bentonite, gapfill, and dense backfill with consideration to bentonite source, porewater chemistry, temperature, variability, and moisture content. Increasing porewater chemistry serves to significantly reduce plasticity and swelling potential and increase optimum dry density, which agrees with anticipated trends from literature. The results show that although the bentonite properties affects index properties including plasticity, swelling potential, and has a nominal effect on compaction, its effect on the thermal properties was limited. Some more sensitivity was noted at high saturation and elevated temperature for gapfill due to its lower overall density and spatial variability of moisture within the pellet structure of gapfill. Variation of thermal conductivity with saturation was linear for highly compacted bentonite and dense backfill as the pore space filled up with water. Gapfill thermal conductivity showed nonlinear trends with very little increase in thermal conductivity at low saturation due to the water being isolated around the pellets rather than distributed uniformly as in the highly compacted bentonite. Increased temperature caused an increase in thermal properties with an attenuated effect on highly compacted bentonite owing to its high density. Dense backfill has the greatest thermal conductivity across the range of moisture contents due to its high quartz content within the crushed granite component. Thermal conductivity results are comparable with those from the literature with similar dry densities. Finally, the results were compared with selected thermal property models from the literature. Using the base parameters, thermal property models performed adequately, however, the soil-specific calibration of the model inputs improved the fit significantly in all cases. These results are now available to perform the numerical models to examine the impact of variability in material properties for the proposed Canadian deep geologic repository for used nuclear fuel. Table 5 ).
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Page 1 of 3 highly compacted bentonite (HCB) 100% bentonite 1.7 gapfill 100% bentonite pellets (Figure 3a) 1.4 dense backfill 70% crushed granite (Figure 3b ) 25% B-clay (Figure 3b ) 5% bentonite 2.12 20 λ = thermal conductivity; λ sat = saturated thermal conductivity; λ dry = dry thermal conductivity; λ s = thermal conductivity of solid particles; λ w = thermal conductivity of water; λ i = thermal conductivity of ice; θ s = volumetric solid content; θ w = volumetric water content; θ i = volumetric ice content; K e = Kersten number; n = porosity; S r = saturation; λ air = thermal conductivity of air; λ q = thermal conductivity of quartz; λ o = thermal conductivity of organic material; ρ b = dry density; ρ p = solid particle density; V om = volumetric organic matter content; q = quartz content; V a = volumetric air content; V = total volume; 
